Abstract: Relative resistance of paddy varieties to the Angoumois grain moth, Sitotroga cerealella was investigated in the laboratory at a temperature of 28 ± 1.0
Introduction
Rice, Oryza sativa L., is the principal food crop of over one half of the population of the world. It is a staple food of a large majority of the people of China, India, Pakistan, Japan, Korea, Thailand, Indonesia, Philippine Republic and Madagascar. Rice is prone to attack by stored product insects, almost continuously between harvest and consumption. Most destructive insects in rough rice include the Angoumois grain moth, Sitotroga cerealella (Olivier, 1789), the lesser grain borer, Rhyzopertha dominica (F., 1792), and the rice weevil, Sitophilus oryzae (L., 1763). A possible and desirable approach to reducing infestations by stored-product insects in rice is the development of varieties that are resistant to attack (Cogburn et al. 1989) . Russel & Cogburn (1977) indicated that varieties of rice differ in susceptibility to attack by the Angoumois grain moth, S. cerealella. Genetic techniques were developed in most cases to alleviate nutritional deficiencies. The genetic manipulation of grains to improve quality can modify the grain physical structure, such as its texture, shape, size, hardness and amount of endosperm. These modifications can affect pest-host relationship and pest's performance such as growth rate, adult weight, female fecundity and fertility and probably will affect the future progeny (Slansky & Scriber 1985; Consoli & Amaral Filho 1995) . In this study, resistance to S. cerealella in nine high yielding paddy varieties developed at the Indian Agricultural Research Institute (IARI), New Delhi, India and a Taiwan variety was investigated. Resistance was measured on the basis of developmental period, survival of egg to adult, female fecundity, weight and longevity of adults. The correlation between moth performance and grain characters such as length, width, grain hardness and amylose content, was determined to suggest which character conferred resistance.
Material and methods

Culture of Sitotroga cerealella
Culture of S. cerealella maintained for several years at the Storage laboratory of the Division of Entomology, IARI, New Delhi, was used for the studies. The moth was subsequently reared on disinfested (free from live stages of any insects) local paddy variety in 1 L glass jars for three more generations before the start of experimental work. The openings of the jars were covered with muslin cloth held in place by rubber bands. The moth culture was maintained by continuously releasing the insects in fresh disinfested grain. The culture and the experiments were maintained at a temperature of 28 ± 1.0
• C and relative humidity of 65 ± 1.5% and 12 h light : 12 h dark photoperiod in incubators.
Paddy varieties
Nine high yielding paddy varieties developed at the Division of Genetics, IARI, New Delhi and a Taiwan variety were used for this experiment. The varieties included were PRH 10, Pusa Basmati-1 (PB-1), Pusa 1121, Pusa 44, Pusa 677, Pusa 834, Pusa sugandh 2 (PS-2), Pusa sugandh 3, Pusa sugandh 5 (Pusa 2511) and T(N)-1 from Taiwan. All the grains were cleaned of straw, chaff, light grains and other impurities before testing. They were later disinfested (to kill live stages of any insects present) by keeping in the oven at 60
• C for 5 hours and then equilibrated to moisture content of 12.5-13.0%.
Physical and chemical characteristics of paddy varieties
At the beginning of the experiments, ten seeds were randomly selected from each variety and the mean length, mean width, length: width ratio of the varieties recorded and weight of 100 seeds of each variety were taken. These characteristics are important for susceptibility to insect infestation. The amylose content was determined colorimetrically (Juliano 1971) . Seed hardness was measured with a Texture Analyzer connected to a computer. The amount of force (Newtons, N) required to break the seeds was taken as a measure of seed hardness. The physical and chemical characteristics of the seeds are shown in Table 1 .
Experimental procedure
Fifty grams of each variety of paddy was weighed into 250 ml glass jars and replicated six times. The glass jars were arranged in a completely randomized manner inside incubators. Fifty 0-24 h old eggs were introduced into each glass jar containing paddy and covered with muslin cloth held in place by rubber bands. Twenty days after the beginning of the experiments and each day thereafter, the jars were examined for emergence of adults. (Preliminary experiments showed that adult moths do not emerge before twenty days). The adults that emerged from the jars were counted, removed and the total recorded. The developmental time (days) and the percentage survival from egg to adults were also recorded. The newly emerged adults from each variety in the above experiment were transferred, one male and one female to glass vials (7.0 × 3.5 cm) and the glass vials with adults were replicated twenty times to evaluate female fecundity. The vial was covered with muslin cloth held in place by rubber bands. A slit was made in the middle of the muslin cloth to allow the insertion of the oviposition paper. A piece of black crepe paper, on which the milky-white eggs of the moth could be seen easily, was folded accordion-like with 6 folds and placed in the vial (Peters 1971) . No food was provided. Each day the paper was removed and replaced with another one. The longevity of mated male and mated female was recorded. The paper strip with the eggs was carefully unfolded and the eggs (usually deposited in rows and clusters) were counted under a binocular microscope. Three samples of one hundred 0-24 h old eggs were taken to evaluate egg hatch. The number of hatched eggs was recorded by counting the empty egg shells (which were transparent, white and shiny). Newly emerged adult weights were taken. The unmated adult longevity was determined by isolating newly emerged adults in glass vials until they died.
All data obtained were subjected to Analysis of Variance (ANOVA) and where significant differences existed, treatment means were separated using the Tukey's test. Table 1 shows the physical and chemical characteristics of paddy varieties tested. Grain length, width, length : width ratio, weight, amylose content, are important factors determining the susceptibility of paddy to insect infestation. The length and weight of Pusa 1121 were significantly (P < 0.05) higher than in the other varieties, while those of T(N)-1 were significantly (P < 0.05) lower than of the others. The grain width in T(N)-1 was significantly higher than in the others. Amylose content ranged from 19.0% in Pusa 44 to 28.4% in Pusa 677. The egg to adult developmental period of Sitotroga cerealella was significantly (P < 0.05) lengthened (26.3 days) when it was reared on T(N)-1 variety and shortened (23.0 days) in Pusa 44 (Table 2 ). The percentage survival of moths to adults was lowest on T(N)-1 (38%) but significantly higher in Pusa 44 (68.7%) than on the other varieties. The egg laying capacity (108.1 eggs/female) and egg hatch (81.2%) of S. cerealella was significantly reduced when reared on T(N)-1. T(N)-1 appeared to be more resistant than the other varieties while Pusa 44 was the least resistant. The egg laying capacity (164.2 eggs/female) was highest in Pusa 44 but did not significantly differ from the others. The egg hatch was highest (96.2%) in Pusa 834 but was not sig- nificantly different from the others except those reared on T (N)-1 (Table 3) . Table 4 shows the correlation between grain characters and moth performance. Correlation was negatively significant (P < 0.01) between grain width and egg hatch; between width and male and female weight (P < 0.05). There was a positive correlation between grain hardness and moth survival, although not significant. In addition, correlation was negative but not significant between grain hardness and developmental period. Newly emerged females of S. cerealella were heavier than the males while the males and females reared on T(N)-1 had the lowest weights (Fig. 1) . The heaviest females and males with 4.04 g and 2.38 g, respectively, were reared on Pusa sugandh 3, which are large seeds. Unmated females lived longer than unmated males, while mated females also lived longer than mated males. Unmated females showed a greater longevity than mated ones (Fig. 2) . 92.1 ± 2.9 (60-100) Explanations: Means followed by different letters along the vertical column are significantly different (P < 0.05) (Tukey's test).
Results
Discussion
The mean developmental periods from egg to adult of Sitotroga cerealella when reared on some paddy varieties in this study was 25.6 days. This developmental period was shorter than on corn (Consoli & Amaral Filho 1995) , sorghum (Wongo & Pedersen 1990 ; Explanations: * P < 0.05, ** P < 0.01.
Ashamo & Khanna 2006a
) and species of Oryza other than Oryza sativa L. (Cogburn et al. 1989) . However, the developmental period was closer to those published by Shazali & Smith (1985) and Ashamo & Khanna (2006b) . Performance of S. cerealella was best when reared on Pusa 44 (percentage survival of egg to adult of 68.7% and developmental period of 23.0 days) and low amylose content. Moth performance was poorest on variety T (N)-1 (percentage survival of egg to adult of 38.0% and developmental period of 26.3 days) that has high amylose content. Consoli & Amaral Filho (1995) observed that the lowest survival from egg to adult among S. cerealella reared on SuO 2 and Sh 2 corn genotypes might be related to the high level of amylose of these genotypes. Flores et al. (1970) related an arrestment in the development of S. cerealella when reared on 71 corn varieties with the high amount of lipids. Ashamo & Khanna (2006b) observed that varieties of paddy with low amylose content tend to be more susceptible to infestation by S. cerealella than those with high amylose content. The most resistant variety, T (N)-1 had small-sized seeds. This might be due to insufficient endosperm to support maximum development of the moth. Many of the larger seeds were very susceptible therefore larger seeds enhanced survival. In a related study, T (N)-1 had been shown to be less infestable than other varieties of paddy because it had significantly less bran than any of the other varieties (Cogburn et al. 1980) . It is more probable, however, that the nutritional quality of the bran or the endosperm is the limiting factor. This explanation might also be responsible for the observed low weight or reduced body size in the moth reared on T (N)-1. The heaviest males and females with weights of 2.38 g and 4.04 g, respectively, were reared on Pusa sugandh 3, which were large seeds. Generally, in this study the grain characters influenced moth herbivore performance but the influence was not significant except for grain width which appeared to be the most important trait. The longevity of adults in this study was reduced when compared to those of Consoli & Amaral Filho (1995) . Unmated females lived longer than unmated males, while mated females also lived longer than mated males. Unmated females lived longer than their mated counterparts probably because of depletion of fats and proteins in their bodies as egg development proceeded. This extended life increases the chances of unmated females meeting a male (Shazali & Smith 1986; Ashamo 2006) . Female fecundity of S. cerealella in this study (148.6 eggs/female) and egg hatch (92.1%) were close to the results obtained by Consoli & Amaral Filho (1995) . Shazali & Smith (1985) published a fecundity of 106 and 109 eggs/female rearing S. cerealella on sorghum at 30
• C and 25
• C, respectively, which were lower than what was obtained in this study. The lower female fecundity recorded on T (N)-1 was probably due to the reduced body size and weight.
With advances in biotechnology, it is possible to transfer desirable characters such as length, seed hardness and amylose content to other varieties to improve their resistance to S. cerealella and other stored products insects. However, care must be taken since this could change the grains susceptibility to some pests affecting pest-host relationships.
